ABSTRACT We conducted a study to evaluate the effects of intramuscular fat levels on the sensory characteristics of duck breast meat. Combining duck genotypes (Muscovy, Pekin, and their crossbreed hinny and mule ducks) and feeding levels (overfeeding between 12 and 14 wk of age vs. ad libitum feeding) enabled us to obtain a wide range of lipid levels in breast muscle. The average values were between 2.55 and 6.40 g per 100 g of muscle.
INTRODUCTION
Intramuscular fat (IMF) is involved in determining meat quality, particularly nutritional and sensory characteristics, and conservation ability (Ruiz et al., 2001) . In poultry meat, it is easy to modulate lipid quality, particularly fatty acid profiles, using different lipid sources in feeding diets (Ruiz et al., 2001; Cortinas et al., 2004) . Many studies have analyzed the effects of increased levels of polyunsaturated fatty acids on meat quality, mainly focusing on sensory characteristics and consumer acceptability of cooked meat and processed products and on lipid oxidation during storage of fresh and frozen meat 914 hinny and mule ducks. Breast muscle of Muscovy ducks was paler, less red, and more yellow than that of other genotypes. Breast muscle of Pekin ducks exhibited the lowest values for lightness, yellowness, and energy necessary to shear meat, as well as the highest cooking loss values, and was judged more tender, juicy and less stringy than that of other genotypes. In contrast, scores for breast muscle of Muscovy ducks were the lowest for tenderness, juiciness, and flavor, and the highest for stringiness. Breast muscle of hinny and mule ducks scored the highest values for redness. Hinny ducks also scored the highest values for flavor. Genotype exerted a higher effect on the sensory quality of breast muscle than did feeding levels. Finally, increasing lipid levels in breast muscle increased lightness, yellowness, cooking loss, tenderness, and flavor, with correlation coefficients of 0.49, 0.47, 0.54, 0.43, and 0.28, respectively. However, breast meat color and tenderness were mainly influenced by genotype. and processed products. Because lipid levels in poultry meat are low (about 1 to 2% in breast meat of turkey and chicken; Rabot, 1998) , the relationship between lipid levels and sensory characteristics has received little attention. However, lipid levels are higher in duck meat than in chicken and turkey meat (Baéza et al., 2000 .
Different genotypes of ducks are used to produce meat, including common ducks such as Pekin ducks (Anas platyrhynchos), Muscovy ducks (Cairina moschata), and crossbred ducks such as mule ducks (crossbreed between a common female and a Muscovy male; hinny ducks being the reverse crossbreed). Overfeeding significantly increases lipid levels in duck meat (Zanusso et al., 2003) . Using different duck genotypes (Muscovy, Pekin, mule, and hinny) combined with 2 feeding levels (ad libitum vs. overfeeding) Chartrin et al. (2003) were able to obtain a wide range of lipid levels in breast muscle (from 2.26 to 7.57%). In the present study, this same model was used to analyze the influence of IMF levels on the sensory attributes of duck breast meat. To avoid sex and age effects, we reared only males and slaughtered all birds at 14 wk of age, which is the usual slaughter age for overfed birds in France. To complete our study, ducklings were produced using the same sires and dams to evaluate genetic effects on the sensory characteristics of each genotype. There are few reports to date on genetic effects on meat quality parameters in poultry. Le Bihan-Duval et meat for postmortem pH values, color parameters, and toughness after cooking, as well as significant heterosis effects for color parameters. The aim of this study was to determine the effects of lipid levels in breast muscle on flavor, color, and tenderness evaluated by sensory analysis and objective measurement of shear force values, cooking loss, and color. Heterosis and maternal effects on these parameters were also calculated.
MATERIALS AND METHODS

Animals and Rearing Conditions
All experimental procedures with birds were in accordance with the French National Guidelines for the care and use of animals for research purposes. Male ducks from 4 different genotypes were used: Pekin and Mus- Significant difference between groups for a single criterion.
covy ducks and their crossbred mule and hinny ducks. The ducks (42 per genotype) originated from the same sires and dams and were provided by Grimaud (Roussay, France). They were reared under usual conditions of light and temperature at the Experimental Station for Waterfowl Breeding (INRA, Artiguères, France). They were fed ad libitum from hatching to 6 wk of age. From 6 to 12 wk of age, they were fed a restricted diet at levels appropriate to the ingestion ability of each genotype (200 to 250 g/duck at the beginning, increasing to 360 to 380 g/ duck at the end of this period). At 12 wk of age, 21 ducks per genotype were overfed for 14 d at the maximum of their ingestion potential with corn and corn meal (Chartrin et al., 2003) . Contemporaneously, 21 ducks per genotype were maintained on the growing diet ad libitum. The main characteristics and composition of diets (starting, growing, and overfeeding) are shown in Table 1 . 
Significant difference between groups for a single criterion. 
Slaughtering Conditions and Sample Preparation
Ducks were weighed and slaughtered under commercial conditions 12 h after their last meal at 14 wk of age. The right breast muscle was excised and weighed immediately after plucking and 2 samples were removed. One sample was frozen and stored for 1 mo at −20°C before chemical analysis. The second sample was vacuum packed, stored at 4°C for 24 h, frozen in ethanol, and stored for 1 mo at −20°C until texture analysis. After 24 h of storage at 4°C, the left breast muscle was excised from the carcass. Meat color (CIE L*, a*, b*) was determined in the middle part of the inner side with a Miniscan TM spectrocolorimeter (Hunter Lab, Noisy le Grand, France). This breast was then vacuum packed, frozen, and stored at −20°C until sensory analysis.
Laboratory Measurements
Water content was determined by weighing about 5 g of ground meat before and after storage at 105°C for 24 h (AOAC, 1984) . Total lipids were extracted by homogenizing minced tissue in chloroform:methanol (2:1 vol/ vol), and collected by gravimetry (Folch et al., 1957) . −0.602*** −0.267** 0.467*** −0.207* −0.219** *P < 0.05; **P < 0.01; ***P < 0.001.
The samples for texture analysis were thawed at 4°C overnight. They were weighed, individually vacuum packed, and cooked in a water bath at 80°C to reach an end-point temperature of 75°C in the center of each sample. After cooking, the samples were allowed to equilibrate at room temperature for 1 h. They were then quickly wiped and weighed again to determine cooking loss. Texture was determined objectively by using a single-blade (Warner-Bratzler) shear test performed with a universal testing machine (MTS Synergie 200, MTS Systems, Ivry sur Seine, France). Adjacent strips (1.0 cm wide) were cut from the medial portion of the muscle (parallel to the longitudinal axis of the muscle fibers), and sheared according to the method of Honikel (1998) .
For each sensory analysis session, 8 breast muscles (1 per treatment) were thawed at 4°C for 24 h. They were then distributed on white plates and covered with transparent plastic cling film to judge the color intensity of the inner side: darkness, intermediate color, and lightness (scored 1, 2, 3, respectively). An overall score was calculated by adding each score weighted with its frequency. Breast meat was then grilled (2 to 4 min on each side at 170°C depending on weight), cut into 12 pieces, and presented to 12 trained panelists. Five sensory attributes Table 6 . Effects of lipid levels on physicochemical characteristics and sensory attributes of breast muscle from 14-wk-old ducks (mean ± SE) Lipid class (g per 100 g of meat) were judged on a continuous scale (0 to 10) for juiciness, tenderness, stringiness, duck flavor, and overall flavor.
Statistical Analyses
For sensory analysis, the effects of genotype, overfeeding levels, and their interaction were analyzed using the GLM procedure of Minitab software (Minitab Inc., State College, PA). Means were compared using Tukey's test. For all other criteria measured, we used the GLM procedure of SAS (SAS Institute, 1989) . The model of variance analysis included the main effects of genotype, feeding levels, and their interaction. Significant differences between means for the different groups were tested according to the Newman-Keuls test. We also calculated Pearson correlations between physicochemical characteristics and the sensory attributes of the meat. The evaluation of genetic effects (maternal, additive, and heterosis) was performed for ducks overfed and for those fed ad libitum according to Dickerson (1969) using the GLM procedure of SAS (SAS Institute, 1989) .
RESULTS
Physicochemical Characteristics of Breast Muscle
At 14 wk of age, Muscovy ducks exhibited the highest weights of breast muscle (+97% compared with Pekin ducks; Table 2), lower lipid levels, and higher water levels in breast muscle than the other genotypes ( Table 2 ). The reverse was observed for Pekin ducks, whereas mule and hinny ducks presented intermediate values for these 3 criteria. Overfeeding had no effect on breast muscle weight, but it induced a significant increase in lipid levels (1.51-fold) at the expense of water levels. This increase in lipid levels depended on genotype (1.63-, 1.56-, 1.81-, and 1.21-fold for Pekin, mule, hinny, and Muscovy ducks, respectively). The correlation between water and lipid content in breast muscle was −0.78 (P < 0.0001). The frequency distribution of lipid levels is presented in Figure  1 . The minimum and maximum values were 1.72 and 8.35, respectively, with values ranging mostly (87%) between 1.72 and 5.04%.
We observed a significant effect of genotype on all color parameters. Feeding levels influenced lightness (L*) and yellowness (b*, Table 2); the interaction of both factors was only significant for b*. Lightness and yellowness values were highest and redness (a*) values were lowest in breast muscle of Muscovy ducks (Table 2 ). In contrast, L* and b* values were lowest in Pekin ducks. Mule and hinny ducks had the highest a* values. The greatest differences between extremes were in L* and b* values. Breast muscle of overfed ducks was paler and had higher b* values than that of ducks fed ad libitum (31 and 55% for L* and b*, respectively). The difference in b* values observed between overfed and ad libitum-fed ducks was lower in Muscovy ducks than in the other genotypes. Overfeeding had no effect on a* values. Lightness, redness, and yellowness values were significantly correlated with lipid levels in breast muscle (+0.49, +0.20 and +0.47, respectively) . Lightness and yellowness values were also significantly correlated with breast muscle weight (+0.25 and +0.27, respectively). Correlation between redness and breast muscle weight was not significant (+0.15), but L* and b* values were strongly correlated (+0.87; P < 0.0001).
Cooking loss was greater in overfed ducks than in ad libitum-fed ducks (Table 3) . Cooking loss was greater in Table 7 . Evaluation of genetic effects (additive, heterosis, and maternal) on physicochemical characteristics and sensory attributes of breast muscle from 14-wk-old ducks considering overfed and ad libitum-fed ducks separately and keeping only genotype effects in the model A negative value means that additive and maternal effects were lower for Muscovy ducks than for Pekin ducks and that the mean value for heterosis effects was lower for crossbred ducks than the mean value of the parental species.
*P < 0.05; **P < 0.01; ***P < 0.001 (significant effects); NS = nonsignificant; and + = 0.05 > P < 0.10.
Pekin ducks than the other genotypes, particularly after overfeeding. Cooking losses were significantly correlated with lipid and water levels and breast muscle weight (+0.54, −0.31, and −0.43, respectively). Neither genotype nor feeding levels affected shear force values (Table 3) . Nevertheless, the amount of energy necessary to shear the samples was significantly lower for breast muscle of Pekin ducks than for breast muscle of other genotypes (−18% compared with Muscovy ducks). Feeding levels had no significant effect on energy values, which were significantly correlated with breast muscle weight (+0.25). Correlations between energy values and lipid and water levels in breast muscle were not significant.
Sensory Characteristics of Breast Meat
Raw breast meat of overfed ducks was judged paler than that of ducks fed ad libitum (Table 4) , and raw breast meat of Muscovy and hinny ducks was judged paler than that of Pekin and mule ducks. The overall color score was significantly correlated with lightness and yellowness (+0.92 and +0.84, respectively).
Feeding levels had no effect on the tenderness or stringiness of grilled breast meat (Table 4) , but the breast meat of overfed ducks was judged less juicy and exhibited more pronounced duck flavor and overall flavor than that of ducks fed ad libitum. Genotype had a significant effect on all criteria measured. Breast meat of Muscovy ducks had higher scores for stringiness but it was judged less tender and less juicy, with less flavor than that of other genotypes (Table 4 ). In contrast, the breast meat of Pekin ducks obtained the highest scores for juiciness and tenderness, and the lowest scores for stringiness, particularly from birds fed ad libitum. Breast meat of hinny ducks exhibited the more pronounced flavor, particularly from overfed birds. Tenderness was positively correlated with lipid levels and cooking loss, and negatively correlated with energy values and breast weight (Table 5) . Juiciness was positively correlated with water levels and negatively correlated with energy values and breast weight. Stringiness was positively correlated with energy value and breast weight, and negatively correlated with cooking loss and lipid levels. Flavor was positively correlated with cooking loss and lipid levels, and negatively correlated with breast weight. Distributing our results into 3 classes according to lipid levels in breast muscle confirmed these correlations (Table 6 ). Significant differences in sensory attributes were mainly found between the first and second classes (1.7 to 3.05 and 3.06 to 4.37% of lipid levels, respectively).
Evaluation of Genetic Parameters
The different genetic parameters are presented in Table  7 . The Muscovy genotype had positive additive effects on breast muscle weight and stringiness, and negative additive effects on lipid levels in breast muscle and on cooking loss, tenderness, juiciness, and flavor. Except for color parameters (L*, b*, and overall score), there was good consistency between effects in overfed and ad libitum-fed ducks. Heterosis effects were higher in ducks fed ad libitum, except for a* and flavor, for which effects were only significant in overfed birds. The sensory attributes of breast meat were little influenced by heterosis effects. Maternal effects were only significant for breast muscle weight (unfavorable for Muscovy genotype).
DISCUSSION
Combining the effects of genotype and different feeding levels enabled us to obtain a wide range of lipid levels in breast muscles (from 2.55 to 6.40 g per 100 g of muscle in ad libitum-fed Muscovy ducks and overfed Pekin ducks, respectively). The frequency of lipid levels higher than 5% was low, which might explain why the correlations between lipid levels and other criteria measured in this study were lower than expected. However, significant effects of lipid levels on color, cooking loss, tenderness, stringiness, and flavor of breast meat were found.
Meat Color
Breast muscle containing high lipid levels was paler and had greater intensity of yellowness. Objective measurement of lightness and yellowness yielded the same results as visual scoring for color in raw breast meat. Salichon et al. (1998) reported that breast muscle of overfed mule ducks was paler and had higher b* values than breast muscle of ducks fed ad libitum. Fernandez et al. (2003 Fernandez et al. ( , 2004 ) also reported that paler breast muscle of overfed mule ducks and geese contained higher lipid levels. In general, during overfeeding, ducks ingest high amounts of corn containing liposoluble xanthophylls that accumulate in tissues and contribute to their color. Other factors also influence meat color. Overfed and ad libitumfed Muscovy ducks had paler breast muscle, higher muscle weight and b* values, and lower a* values, despite lower lipid levels than the other genotypes. In this study, it can be hypothesized that the greater muscle development in Muscovy ducks induced dilution of heminic pigments (myoglobin and hemoglobin). This phenomenon has been reported in breast muscle of broiler chickens (Berri et al., 2001) . However, in this study we found no significant correlation between a* values and breast muscle weight. Fernandez et al. (2003) reported that heavier breast muscle of overfed mule ducks was also paler and had higher a* and b* values. Comparing the 4 overfed genotypes, Larzul et al. (2002) also reported that breast muscle of Muscovy ducks had the highest L* value. Muscovy ducks reach maximum growth rate later than the other genotypes (Leclercq, 1990) . Because heminic pigment levels in duck muscles increase with age it can be hypothesized that these levels might have not reached their maximum in Muscovy ducks, unlike other duck genotypes.
Meat Juiciness
Cooking loss was greater in breast muscle containing high lipid levels but these criteria were not correlated with meat juiciness. In fact, breast muscle of overfed Muscovy ducks obtained the lowest juiciness scores and that of Pekin ducks fed ad libitum obtained the highest juiciness scores. In our study, measurements of cooking loss and juiciness scores were not obtained with the same cooking procedures, which might partly explain the differences found between criteria. Girard et al. (1993) also reported that breast muscle from ad libitum-fed ducks was judged juicier than breast muscle of overfed ducks. In contrast, breast muscle containing greater lipid levels was also judged juicier in overfed Landaise geese (Baéza et al., 1998a) , and high IMF levels were associated with high juiciness scores in pork (Fernandez et al., 1999) . In our study, juiciness was positively correlated with water levels in breast muscle, and negatively correlated with weight. Other factors might control meat juiciness.
Meat Tenderness
Tenderness measured by trained panelists was correlated with shearing energy value. In our study, higher tenderness scores were obtained for breast muscle containing higher lipid levels, but overfeeding that induced a significant increase in breast lipid levels had no significant effect on this sensory attribute. Girard et al. (1993) also reported that breast muscle of ad libitum-fed ducks was judged more tender than that of overfed ducks. In contrast, in overfed Landaise geese, breast muscle containing higher lipid levels had the highest tenderness scores (Baéza et al., 1998a) and high IMF levels were associated with high tenderness scores in pork (Fernandez et al., 1999) . In fact, in our study, tenderness was strongly and negatively correlated with muscle weight, with breast muscle from Muscovy and Pekin ducks obtaining the lowest and the highest tenderness scores, respectively. Larzul et al. (2002) showed that breast muscle from overfed Muscovy ducks had higher collagen levels (4.82 vs. 4.30 mg/g of muscle), and lower collagen solubility (13 vs. 19%) than breast muscle from Pekin ducks. Chartrin et al. (2005) reported that the cross-sectional area of muscle fibers was greater in breast muscle from Muscovy ducks than in breast muscle from Pekin ducks (929 vs. 683 m 2 for red oxidoglycolytic fibers and 2,028 vs. 1,608 m 2 for white glycolytic fibers); this criterion is generally negatively correlated with tenderness (Crouse et al., 1991) . Muscovy ducks also had the highest scores for stringiness, confirming a possible effect of fiber size in the determination of these criteria. In this species, Baéza et al. (1998b Baéza et al. ( , 1999 Baéza et al. ( , 2002 reported that tenderness of breast muscle decreased with increasing age between 8 and 12 wk, although collagen levels decreased, collagen solubility remained at the same levels, and fiber size increased.
Meat Flavor
Flavor was more pronounced with high lipid levels in breast meat. Girard et al. (1993) reported that breast muscle from overfed ducks had a more pronounced flavor than that from ducks fed ad libitum. In overfed Landaise geese, breast muscle exhibiting greater lipid levels obtained the highest flavor scores (Baéza et al., 1998a) and high lipid levels were associated with high flavor scores in pork (Fernandez et al., 1999) . The correlation between lipid levels and flavor obtained in our study was low but only IMF were taken into account, whereas under usual cooking conditions, breast muscle retains its skin and subcutaneous lipids, the levels of which are quite high in overfed ducks. Subcutaneous lipids migrate to poultry meat during cooking (Rabot, 1998) . The lowest flavor scores occurred in Muscovy ducks. This could be explained by lower lipid and phospholipid levels in their breast muscle, as previously demonstrated by Chartrin et al. (2003) under similar experimental conditions, because phospholipids mainly contribute to the aroma of cooked meat (Mottram and Edwards, 1983; Meynier and Gandemer, 1994; Gandemer 1997) .
Conclusions
Genotype had a greater effect on the sensory quality of breast muscle than did feeding levels, because the differential in lipid levels observed between the extreme genotypes (Muscovy and Pekin) was higher than the differential observed between breast muscles of overfed and ad libitum-fed ducks. Moreover, it was difficult to discriminate between lipid and genotype effects. However, the major changes in scores for sensory attributes recorded by trained panelists were observed for lipid levels around 3%. In pork meat, Fernandez et al. (1999) reported that flavor and juiciness were significantly enhanced when IMF levels increased above approximately 2.5%. Barton-Gade and Bejerholm (1985) also reported that IMF levels in pork meat had to reach values above 2% before any noticeable effects on sensory qualities could be detected.
Concerning the genetic determination of criteria measured in our study, we did not confirm the previous additive and heterosis effects on color parameters described by Larzul et al. (2002) in breast muscle from overfed ducks. In our study, these effects were only significant in breast muscle from ducks fed ad libitum. Cooking loss was also related to additive and heterosis effects in ad libitum-fed and overfed ducks. In the present study, we found evidence for additive effects on lipid content in both overfed and ad libitum-fed ducks, as well as a heterosis effect in ad libitum-fed ducks. The discrepancy between these results and those of Larzul et al. (2002) may be related to the different choice of duck strain. Moreover, only additive effects were significant for tenderness, juiciness, and stringiness, with an unfavorable effect of Muscovy genotype for the first 2 criteria, and favorable effect for the third criterion. It could be hypothesized that improvement in sensory quality of breast meat from overfed mule ducks would be more efficient if selection was undertaken in Muscovy ducks. Genetic variance components should thus be evaluated before conducting selection on such criteria.
